The glucolipotoxicity hypothesis postulates that chronically elevated levels of glucose and fatty acids adversely affect pancreatic β-cell function and thereby contribute to the deterioration of insulin secretion in Type 2 diabetes. Whereas ample experimental evidence in in vitro systems supports the glucolipotoxicity hypothesis, the contribution of this phenomenon to β-cell dysfunction in human Type 2 diabetes has been questioned. The reasons for this controversy include: differences between in vitro systems and in vivo situations; time-dependent effects of fatty acids on insulin secretion (acutely stimulatory and chronically inhibitory); and the ill-defined use of the suffix '-toxicity'. In vitro, prolonged exposure of insulin-secreting cells or isolated islets to concomitantly elevated levels of fatty acids and glucose impairs insulin secretion, inhibits insulin gene expression and, under certain circumstances, induces β-cell death by apoptosis. Recent studies in our laboratory have shown that cyclical and alternate infusions of glucose and Intralipid in rats impair insulin gene expression, providing evidence that inhibition of the insulin gene under glucolipotoxic conditions is an early defect that might indeed contribute to β-cell failure in Type 2 diabetes, although this hypothesis remains to be tested in humans.
Introduction
Large-scale prospective trials in humans such as the UKPDS study [1] have shown that β-cell function deteriorates during the years following the diagnosis of Type 2 diabetes. This has led to the concept that the metabolic perturbations associated with Type 2 diabetes are themselves deleterious to β-cell function and, thereby, contribute to its failure. Among these, chronic hyperglycaemia [2] and hyperlipidaemia [3] have been postulated to harm the β-cell, two phenomena commonly referred to as glucotoxicity and lipotoxicity respectively. The term 'glucolipotoxicity' was subsequently coined in recognition of the fact that glucotoxicity and lipotoxicity are interrelated and have some common mechanisms of action [4] . Somewhat surprisingly, despite several years of intensive investigations, the mechanisms of glucolipotoxicity in the pancreatic β-cell are still only partially understood and often a matter of debate. In addition, the contribution of this phenomenon to β-cell failure in Type 2 diabetes is still uncertain, in part because of the scarcity of studies examining this issue in humans. An additional confounder is the lack of clear consensus on the definition of the term glucolipotoxicity. For the purpose of this discussion, we will define glucolipotoxicity as the deleterious effects of elevated glucose and fatty acids on pancreatic β-cell function and mass. In this review, we will present the evidence in favour of the concept, address some of the questions that have been raised regarding its clinical validity, and hypothesize on the role glucolipotoxicity may play in various stages of β-cell failure in human Type 2 diabetes.
Glucolipotoxicity in the β-cell: what is the evidence?
In vitro studies A number of in vitro studies, using insulin-secreting cells and isolated islets, have attempted to identify the mechanisms of glucolipotoxicity. Prolonged exposure of isolated islets or insulin-secreting cells to simultaneously elevated levels of fatty acids and glucose leads to inhibition of glucose-induced insulin secretion, impairment of insulin gene expression and induction of cell death by apoptosis (reviewed in [5] ). Here, we will focus on the work performed in our laboratory concerning the inhibition of the insulin gene by fatty acids, as an example of in vitro studies that were recently extended to in vivo models. Thus our own work has mainly focused on the mechanisms by which fatty acids, in the presence of elevated glucose, impair insulin gene expression in isolated islets. These studies have shown that the mechanisms whereby fatty acids affect insulin secretion are distinct from those by which they impair insulin gene expression. First, whereas both palmitate and oleate inhibit insulin secretion, only palmitate affects the insulin gene [6] . Since only palmitate, but not oleate, can serve as a substrate for de novo ceramide synthesis, we examined whether ceramide generation mediates palmitate inhibition of the insulin gene. We observed that a 72 h culture of isolated islets in the presence of palmitate is associated with an increase in ceramide content that can be largely blocked by inhibitors of de novo ceramide synthesis, and that inhibition of ceramide generation prevents the decrease in insulin mRNA levels on exposure to palmitate [7] . Secondly, palmitate inhibition of insulin mRNA levels is not due to changes in mRNA stability, but to direct inhibition of glucose-induced insulin promoter activity in primary islets [7] . Thirdly, we have observed that palmitate inhibition of insulin gene transcription is due to decreased binding activity of PDX-1 (pancreatic duodenal homeobox-1) and MafA [8] .
PDX-1 appears to be affected in its ability to translocate to the nucleus, whereas MafA is affected at the level of its expression [8] . The mechanisms whereby ceramide generation from palmitate impairs PDX-1 subcellular localization and MafA expression are unknown. Recently, we have examined the contribution of ERK (extracellular-signal-regulated kinase) and PKB (protein kinase B; also called Akt) in palmitate inhibition of insulin gene expression in isolated islets. We have observed that palmitate further augments the activation of ERK1/2 and PKB phosphorylation in response to glucose in isolated rat islets and MIN6 cells (G. Fontés and V. Poitout, unpublished work). Pharmacological inhibition of ERK1/2, but not that of PKB, partially prevents palmitate inhibition of insulin gene expression. In the same study, we have also examined the contribution of PAS (Per/Arnt/Sim) kinase, which has been shown to mediate glucose regulation of insulin gene expression [9] . We observed that palmitate prevents glucose induction of PAS kinase mRNA and protein expression, and that overexpression of a wild-type PAS kinase isoform totally prevents the inhibition of glucose-induced insulin gene expression by palmitate. These results suggest that PAS kinase, and to a lesser extent ERK1/2, are implicated in the mechanisms by which fatty acids affect the insulin gene.
In vivo studies
Most of the initial studies on glucolipotoxicity in rodent models were performed in the ZDF (Zucker diabetic fatty) rat, which harbours the fa mutation in the leptin receptor gene and displays marked obesity, insulin resistance and diabetes (reviewed in [10] ). While these experiments were instrumental in establishing the concept of glucolipotoxicity and identifying some of its basic mechanisms, the ZDF model suffers from limitations in that the effects of chronic hyperglycaemia (glucotoxicity) are difficult to separate from those of chronic hyperlipidaemia (glucolipotoxicity). The fa mutation results in defective leptin signalling and therefore perturbs intracellular fatty acid metabolism, limiting the relevance of this model to human Type 2 diabetes in which leptin receptor mutations are extremely rare [11] . In recent years, additional rodent models have been used and have provided important insights into the mechanisms of glucolipotoxicity in vivo. Mason et al. [12] have demonstrated that a 48 h perfusion of Intralipid or oleate impairs glucose-induced insulin secretion in normal rats. The influence of genetic predisposition on the insulin-secretory response to excessive fatty acid levels is also illustrated by the recent observation that insulin secretion is impaired to a greater extent in heterozygous lean ZDF rats than in Wistar rats after Intralipid infusion [13] . To examine whether fatty acid inhibition of insulin gene expression previously observed in isolated islets [7, 8] was also operative in vivo, we have recently performed a study in which normal Wistar rats were infused alternately with glucose for 4 h and Intralipid+heparin for 4 h, for a total of 72 h. In islets isolated at the end of the perfusion from animals infused alternately with glucose and saline, insulin mRNA levels, PDX-1 nuclear localization and PDX-1 binding to the endogenous insulin gene promoter were increased. In contrast, in islets from animals infused with glucose and Intralipid, insulin mRNA levels were reduced, PDX-1 localization was shifted towards the cytosol and occupancy of the endogenous insulin promoter by PDX-1 was markedly diminished [14] . These results demonstrate that fatty acid inhibition of the insulin gene also occurs in vivo. Therefore in vitro studies have provided important information regarding the molecular and cellular basis of glucolipotoxicity. They have shown that the various functional effects of chronically elevated fatty acids are mediated by distinct mechanisms, and some of the in vitro observations were reproduced in vivo in rodent models.
Why has glucolipotoxicity been challenged?
As mentioned above, the notion that glucolipotoxicity contributes to β-cell failure in humans has been challenged, for several reasons.
An imprecise definition
There is no clear agreement on the definition of the term 'glucolipotoxicity'. The root '-toxicity' implies some form of cytotoxicity, which is not always observed. In fact, in our experiments we have studied the functional effects of fatty acids in the absence of any measurable cell death [7] . Since the mechanisms underlying the various functional effects of fatty acids are distinct (as detailed in the above paragraph), it is not surprising that studies evaluating different endpoints (e.g. reduced insulin secretion, impaired insulin gene expression and apoptosis) have come to different (and seemingly discrepant) conclusions.
A second issue that has complicated interpretation of the data is that the term glucolipotoxicity implicitly refers to deleterious effects. This is somewhat paradoxical, since both glucose and fatty acids are, under physiological conditions and on short-term exposure, stimulatory to β-cell function. Therefore in vivo a continuum must exist between the 'positive', stimulatory effects of these nutrients and their 'negative', harmful action on the β-cell. In addition, it has been shown that after exposure to fatty acids, the glucose response is reduced but the response to fatty acids is enhanced [15] . This switch from glucose to fatty acids as the primary β-cell nutrient might be viewed, in this context, as an adaptation that should probably not be referred to as 'glucolipotoxicity' but rather as 'glucolipoadaptation' [16] , since it may contribute to β-cell compensation for insulin resistance and therefore play a role in maintaining normal glucose homoeostasis. Clearly, depending on the experimental conditions used, different studies probably examine different stages of this spectrum and therefore yield different results.
Limitations of in vitro studies
The concentrations of fatty acids used in vitro vary among publications. The key determinant of fatty acid potency is the fraction that is unbound to BSA, which depends on the molar ratio of fatty acids to albumin as well as the mode of preparation. Using a fluorescent probe that specifically measures the unbound fraction of fatty acids [17] , we observed that when palmitate at a total concentration of 0.5 mM was pre-complexed to BSA with a fatty acid/albumin molar ratio of 5:1, the unbound concentration is in the 200 nM range (V. Poitout, unpublished work), which represents approx. 3 times the unbound concentration measured in the plasma of lean individuals by the same method [18] . Thus the concentration of fatty acids should be interpreted in the context of the concomitant albumin concentration. Finally, the concentrations of fatty acids in the vicinity of the β-cells in vivo are unknown and are determined by many different factors, including the activity of lipoprotein lipase, which accounts for some of the local delivery of fatty acids to the cells [19] . Therefore the results of in vitro experiments using fatty acids should be interpreted with caution, particularly when marked cytotoxicity is observed. In this regard, it should be noted that whereas fatty-acid-induced apoptosis can be shown in in vitro systems, to our knowledge there are no in vivo studies clearly demonstrating a direct effect of elevated circulating fatty acid levels on β-cell death. The potential contribution of glucolipotoxicity to the decrease in β-cell mass observed in Type 2 diabetes [20] therefore remains to be clearly demonstrated.
Studies in humans
Studies examining the effects of prolonged fatty acids on insulin secretion in humans have led to conflicting results. Initial reports from Boden and co-workers indicated that a 48 h lipid infusion induces an appropriate insulin-secretory response in healthy subjects [21] , but is defective in Type 2 diabetic patients [22] . In contrast, Carpentier et al. [23] have shown that the increase in insulin secretion observed in response to an acute (90 min) lipid infusion in healthy subjects disappears when the infusion is prolonged to 48 h. The loss of insulin secretion is specific to the response to glucose, as the response to arginine remains normal [24] . The same group further showed that obese, but not diabetic, subjects are susceptible to the inhibitory effect of lipids on glucose-induced insulin secretion [25] . Importantly, the increase in insulin secretion observed in non-diabetic subjects in response to a 24 h glucose infusion does not occur if lipids are infused simultaneously with glucose [26] . Finally, the group of Cusi and De Fronzo has carried out a series of studies in non-diabetic subjects with (FH+) and without family history of Type 2 diabetes. They showed that a 4-day Intralipid infusion enhances insulin secretion (normalized for insulin-sensitivity) in control subjects but inhibits glucose-induced insulin secretion in FH+ individuals [27] , suggesting that perhaps part of the genetic predisposition to Type 2 diabetes is related to the ability of the β-cell to increase insulin secretion in response to elevated fatty acid levels. Importantly, reducing circulating fatty acid levels with Acipimox ameliorates insulin secretion in FH+ subjects [28] . Therefore studies in humans indicate that prior to the occurrence of Type 2 diabetes, the insulin-secretory response to nutrient overload is impaired in subjects predisposed to developing the disease. These findings suggest that lipotoxicity is not restricted to the late stages of Type 2 diabetes, but may actually play a role in early disease progression. The influence of glucolipotoxicity on β-cell function after the onset of diabetes is less clear, probably in part because of the inherent difficulties in conducting such long-term studies in humans.
Conclusions
The physiological or pathological significance of the effects of fatty acids and glucose on pancreatic β-cell function is a matter of debate, and has been further confounded by the various interpretations given to the suffix '-toxicity'. Whereas one can reasonably assert that fatty-acid-induced β-cell death is clearly a toxic manifestation, their effects on functional parameters such as insulin secretion or gene expression are more difficult to categorize as either beneficial or deleterious responses in a short timeframe, although they are clearly deleterious in the long run. Based on the existing literature, one can hypothesize that excessive glucose and fatty acid levels have different effects at the various stages of β-cell dysfunction during the course of Type 2 diabetes. When insulin resistance develops, for instance as a result of obesity, the β-cell mounts a compensatory response that involves co-ordinated increases in β-cell mass, insulin biosynthesis and insulin secretion. Although the molecular signals that trigger functional adaptation of the β-cell are unknown, experimental evidence suggests that these may involve an increased response to fatty acids [29, 30] . The magnitude of the compensatory β-cell response is genetically determined [27] and, in turn, is a major determinant of the long-term ability of an individual to maintain glucose homoeostasis in the face of insulin resistance. In genetically predisposed individuals, β-cell compensation eventually becomes insufficient and the β-cell is no longer able to sustain a secretory response that matches the demand imposed by insulin resistance. At this stage, the effects of glucolipotoxicity probably contribute to the inexorable demise of the β-cell. Owing to the inherent difficulty in evaluating the effects of prolonged metabolic perturbations on pancreatic β-cell function in humans in an experimental setting, the precise contribution of glucolipotoxicity to the pathogenesis of Type 2 diabetes remains to be established.
